During his scienti c career, spanning the time from the early 1930's to the present date, Bernhard Gross has contributed to many disciplines of physics and engineering. Some of these elds, such as radiation e ects in solids and charge storage and transport in dielectrics, are integral parts of electret research, an area which Gross has promoted, and whose development he has guided, over the past six decades. The present article focusses on the outstanding contributions of Bernhard Gross to electret research and discusses the impact of his work on the evolution of this eld.
I Starting points: early electret research
When, in the 1930's, Bernhard Gross started his early work on charge and polarization phenomena in dielectrics 1, 2 , the eld of electret research w as still in its infancy. Earlier in the century, the Japanese physicist Eguchi had reported the rst systematic experiments on electrets and had found polarity reversals and other e ects 3 which puzzled scientists at that time.
Another phenomenon related to electrets and much discussed in those days was dielectric absorption, i.e. the property of dielectrics to store charge when exposed to high elds 1 . These phenomena fascinated Bernhard Gross and he began, as shall be discussed below, some fundamental studies of the underlying physical phenomena. In the course of this work, he laid the groundstones to modern electret research. During his scienti c career, Bernhard Gross has contributed decisively to practically all areas of electret research and thereby stimulated the work of many other colleagues. He is equally recognized as a theoretician and as an experimentalist. As somebody who has collaborated with him on many projects, the author was always fascinated by Gross' clear grasp of scienti c problems and by his ability to deal with these using appropriate theoretical descriptions or intuitive experiments. With his sustained contributions, he has guided the evolution of electret research o ver more than half a century and has helped to establish this eld as a respected discipline of modern science.
II Superposition principle and dielectric absorption
Bernhard Gross entered the eld of electrets through his work on cosmic radiation. It was well known at that time that insulator leakage, caused by the radiation, limits the sensitivity of ionization chambers. In this context, some of the early work of Gross was devoted to dielectric absorption, as already mentioned above. Internal charging and discharging of a dielectric in an applied eld is controlled by the superposition principle. This principle states that a certain variation of the external force always results in the same e ect, regardless of the state of the system. On the basis of this principle, Gross was able to formulate a linear response theory for dielectrics 1,2 . In particular he derived fundamental relations for the currents, voltages, polarization e ects, and relaxation times. These relations were instrumental for the description and understanding of dielectric absorption.
During these studies Gross also noticed that the formalisms of dielectric and viscoelastic relaxations are identical. He therefore applied the methods he had developed to viscoelasticity, discovering a new integral transform sometimes referred to as second Gross transform the rst Gross transform relates the absorption of unidirectional and isotropic beams of radiation and was discovered by Gross during his early work on cosmic radiation. The second transform was used extensively in the following for the description of the mechanical behavior of elastic materials 4 .
III Two-charge theory and measuring methods
Of great importance in the development of electret research w ere fundamental studies about the nature of the electret charges. Older work by Mikola 5 , Adams 6 and Gemant 7 had shown that two c harges of di erent nature and opposite polarity exist on nonmetalized dielectrics charged by v oltage application to electrodes adjacent to the surfaces. The di erent decay rates of these charges, referred to as homo-and heterocharge, were found to be responsible for the polarity reversals observed in the early experiments. However, it was not until Bernhard Gross made a series of fundamental experiments in the 1940's that the coexistence of the two di erent t ypes of charges was convincingly demonstrated and their identity w as uncovered 8, 9 . His experiments not only included the isothermal measurement of polarization and depolarization currents at various temperatures and sectioning studies but he also, for the rst time, applied systematically the thermally-stimulated current method to gain additional information about the two kinds of charges 8 . In these experiments he demonstrated that the heterocharge is linked to dielectric absorption involving dipoles in polar substances or ionic charges in other materials while the homocharge is due to interfacial charging of the dielectric by the adjacent electrode.
The discussion of the coexistence and interaction of dipolar and real charges has since been a central topic of electret research and has lately been of great interest in the context of the stabilization of the ferroelectric polarization of polyvinylidene uoride. In a more recent review, Gross summarized the early work on dielectric absorption and two-charge theory together with later work on space charge and polarization 10 .
In this early work, Gross also derived some fundamental relations between the charge and polarization of electrets and the elds and currents produced. These relations were invaluable for the study of the electret charges in sectioning and thermally-stimulated current experiments, referred to above 11 . Later on, he derived from rst principles the Lindmayer theorem 12 relating the current o f a c harged dielectric to the motion of its zero eld plane 13 .
IV Irradiation e ects: breakdown, charge longevity, and distribution
Throughout his scienti c career, Gross had an intense interest in all aspects of radiation phenomena in dielectrics. Between his very early experiments with cosmic radiation, mentioned above, and his more recent work on charge dynamics and conductivity in irradiated dielectrics, to be discussed below, there was a period in the late 1950's when he got interested in various phenomena caused by electron and gamma irradiation of glasses and polymers 14 -16 . Among these were breakdown e ects, charge absorption and transmission, the generation and trapping of Compton electrons, and the spatial charge distribution due to the irradiation. One important conclusion drawn from these experiments was that the injected electrons are stored for long periods of time in the investigated dielectrics 14, 17 , a notion which w as initially met with considerable scepticism by some of his colleagues. Evidence of the charge retention came from breakdown phenomena observed during or after charge injection. The relevance of these ndings became evident a decade or two later, when polymer lms used as thermal blankets in spacecraft showed breakdown e ects which led to problems in satellite communications and, in one case, to the destruction of a satellite 18, 19 . The discharges were due to the incidence of electrons of 10 to 30 kV energy, present in the magnetosphere in large numbers.
The generation and trapping of Compton electrons, generated by gamma r a ys, were topics vigorously investigated by Gross in the 1950's and 1960's. He initiated this work, coined the term Compton current 20 , derived the relations between the gamma ux on one hand and the Compton current and externally measured currents on the other hand, and also studied the use of Compton currents for radiation dosimetry 21, 22 . The work of Gross stimulated numerous e orts by other laboratories, particularly on the subject of Compton diodes 23 .
For more detailed studies of electrets formed by irradiation or thermal methods, Gross improved the sectioning and thermally-stimulated current TSC methods, which he had already used before, and combined these methods to obtain a very powerful experimental tool 14, 24 . He demonstrated that by e v aluating TSCs from sections of an electret, one can not only determine the spatial distribution of charge and polarization but also distinguish between the two.
Gross was thus able to show for the rst time that thermally-poled carnauba wax thermo-electrets possess a uniform volume polarization 24, see also 11 , while electron-irradiated borosilicate glass exhibits negative space charges due to trapped radiation electrons and positive compensation charges 14 . Even the migration of these charges, generally to the nearest electrode, could be demonstrated in these early experiments. These were probably the rst quantitative studies of charge dynamics, a eld which Gross pursued rigorously in his later work see below and which has been a topic of major, recent i n terest for many w orkers in the eld.
Irradiation also releases charges in a precharged electret. Gross investigated such c harge releases due to gamma irradiation and he found that the electret charge lost by heating after irradiation depends exponentially on dose 25 . These measurements, just as the ones on Compton currents discussed above, have stimulated later work on radiation dosimetry 22 .
V Charge dynamics
Bernhard Gross had an intense and long-lasting interest in the topic of charge motion in dielectrics. Early activities in this eld were, for example, his studies of the motion of Compton electrons or of the migration of thermalized charges in irradiated dielectrics, mentioned above. In the early 1970's, Gross initiated systematic research o n c harge dynamics in polymers irradiated with electrons penetrating into the dielectric but not energetic enough to be fully transmitted. As before, his contributions ranged from the development o f new and imaginative measuring techniques over a large variety of experimental studies to profound theoretical analyses of charge motion.
The initial focus of these studies was on phenomena occuring during charge injection, while the electron beam was still on. Gross demonstrated that the Split Faraday cup is a very powerful tool to study such charge-build-up e ects 26 . In the following decades, this method was used extensively by him and by others to investigate deposition pro les, depth and drift of charge as well as radiation-induced conductivity, virtual electrode e ects and other parameters of electronand gamma-irradiated dielectrics.
Experimental results on charge dynamics were obtained by Gross and coworkers for a number of polymers, particularly for the uorocarbon materials Te on FEP and PTFE and for polyethylene terephthalate. He was able to show that in FEP the radiation-induced conductivity due to the primary electrons causes a signi cant motion of the charge centroid during and immediately after irradiation 27, 28 and that, in spite of the radiation e ects, detrapping of the primary electrons plays only a minor role. If the surface of electron injection is oating, the charges move further into the dielectric in their own eld, whereby their mean depth increases considerably 29 .
Other experiments by Gross on charge dynamics with electron beams were concerned with carrier mobilities 30 and the transmission of primary electrons 31 . Similarly, irradiation with gamma rays and subsequent TSC measurements was employed to gain also information on carrier mobility and Schubweg 32 . In addition, Gross used controllable corona charging 33 and later a constant-current corona, for other studies of charge dynamics concerned with the injection of carriers from surface into bulk traps 34, 35 . Parallel to his experimental work on charge dynamics in the 1970's and 1980's, Gross signi cantly advanced the theoretical description of these phenomena. He worked on many di erent aspects of this eld, such as the dissipation of charge layers 36,37 , the motion of the zero-eld plane 13 , the transport equation 38 , space-charge limited currents 39 , carrier mobilities 40 , and the e ect of the RIC on observed currents 41 . Of the many theoretical results achieved in these studies, only a few will be brie y discussed in the following.
These relate to the case of irradiation with an electron beam of range less than the sample thickness. Gross showed that in the irradiated region of such dielectrics the RIC contribution to the transport term by far exceeds the drift contribution 38 . He then was able to explain a puzzling observation by other workers, namely the sudden onset of currents in a biased dielectric when the electron range exceeds half the sample thickness. This so-called threshold e ect was attributed to the presence of a virtual electrode at the electron range which injects carriers into the nonirradiated region and thus gives rise to a space-charge limited current 39 . Finally, he found an analytic solution to the di erential equation describing electron-beam charging.
The solution is based on the theory of linear passive relaxation systems and describes the current observed in the external circuit for di erent pro les of the RIC 41 .
Gross' experimental and theoretical contributions to charge dynamics came at a time when this eld was extremely active due to interest in radiation phenomena a ecting satellite performance. His results were therefore quickly used by other workers in this eld, and his counsel was eagerly sought, during this time.
VI Radiation-Induced Conductivity RIC Following his studies of charge dynamics in the 1970's, Gross became more intensely interested in various aspects of the RIC in the early 1980's. He studied electron beam as well as X-ray generated conductivities, both experimentally and theoretically and collaborated with a number of colleagues in various laboratories. The experiments showed a complex behavior of the RIC depending on time 42-47 , dose rate 43-46 , electric eld 43,45,47 , material parameters 43,47 , time sequences 42 , etc. In particular, Gross explored the temporal dependence of the RIC and found that, in many cases, it exhibits a maximum after some time and later reaches a steady state value. While the initial rise was known to be due to an increase in the ionization of the material, he interpreted the maximum and the subsequent drop with a model assuming a transition from trap-modulated to recombination-modulated conduction 43 . He later showed that certain assumptions about the deep-trapping levels and their lling have to be made to explain all the major features of the experiments 48 .
Gross' endeavor to understand radiation phenomena led him to intuitive and simple, but powerful physical models. Already in his earlier work on non-biased, electron-irradiated polymers he used a so-called box model, based on the assumption of charge deposition at the electron range, nite RIC up to the range, and zero conductivity b e y ond, to explain very successfully experimental data on charge buildup and charge recall 28 . When studying later the response of a biased dielectric, he used again the box model and separated the current i n to a radiation-driven and a voltage-driven component. He was thus able to analytically describe the currents and current reversals which he had observed in his skillful and ingenious experiments 42 .
The delayed conductivity DRIC, present after termination of the irradiation, usually persists for long periods of time. A number of measurements by Gross and coworkers 28, 43, 45 showed that the DRIC decays as expected 49 with 1+bt ,1 , where b is an inverse time constant. In other experiments Gross demonstrated that the DRIC of Te on can be reduced by annealing such that it practically disappears and the polymer exhibits a TSC-behavior like virgin material 50 . As the frequent references to Gross' work in this eld show, his contributions had a great and lasting impact on the later studies of radiation induced conduction phenomena.
VII Electron-beam poling and secondary-electron emission
In more recent y ears, Bernhard Gross became interested in still other aspects of electron-beam interaction with solids. One of his imaginative ideas was to use an electron beam for the poling of piezo-and ferroelectric polymers, such as polyvinylidene uoride 51 . By depositing an electron layer in the dielectric, elds are set up which will pole the material. This allows one to produce monomorphs with polarization zones of predetermined thickness and also bimorphs which can be used as bending devices 52 . Electron-beam poling was subsequently used by a n umber of laboratories for fundamental and applied studies and is also applied for the poling of nonlinear-optical polymers 53 . The e ects of secondary emission due to electron irradiation were addressed by Gross in a whole series of papers. Already in the mid 1980's, he investigated the positive c harging of polymers by irradiation with electrons of energies between the two crossover energies. In this range, the number of secondaries plus backscattered electrons exceeds the number of incoming primaries. If the sample is negatively biased to ensure that secondaries do not return to the emitting surface, a positive c harging of the sample results 54 . By choosing a higher primary electron energy above the second crossover energy, Gross and coworkers were able to determine the total emission yield as a function of energy in a single charging run using constant beam energy 55, 56 .
More recently, Gross modi ed this method by using a pulsed instead of a continuous electron beam 57 .
This minimizes the accumulation of charge on the surface of the dielectric and thus makes the results for the emission yield comparable to data obtained with other methods. He was also able to show that the surface charges generated by secondary emission remain on the surface 57 and he determined the escape depth of the secondaries 58 .
Very recent experimental observations to the e ect that the emission yield is increased by a factor up to 10 by high electric elds 59 have been extended to the low-energy region by Gross 60 . This stimulated" secondary emission has important implications for the radiation shielding of spacecraft. Another aspect of spacecraft shielding are thermal blankets, consisting of polymer lms, which often charge up and show breakdown e ects due to exposure to energetic electrons present in the magnetosphere, as mentioned above. Gross found that plasma-deposited coatings of silicon oxide or nitride on polymer lms used as thermal blankets reduce breakdown e ects which in turn diminishes electromagnetic interference with electronic systems on board of the spacecraft 61 .
VIII Beyond electret research
We h a ve tried to review some of the outstanding contributions of Bernhard Gross to charge e ects in solids and to show their signi cance for the evolution of electret research. There are, however, other aspects of Gross' work that have not yet been discussed but should at least be brie y mentioned. One is the interdisciplinarity of Gross contributions, the fact that he advanced not only electret research but in addition such diverse elds as cosmic radiation, viscoelasticity, rheology, linear system theory, and radioactive fallout. He often succeeded in applying the knowledge he had gained and the methods he had developed in one eld to other elds and thus cross-fertilized all of his areas of interest. In all of his endeavors, his mastery of experiment and theory was an invaluable asset.
Another aspect of Bernhard Gross' scienti c career is the intense interaction he had with many colleagues in the Americas and in Europe; over the years, he collaborated with, or worked in, many di erent laboratories. As a result of these collaborations, he stimulated activities in these institutions which persisted long after his assignments. This multiplication e ect greatly promoted the eld of electret research and helped to move it in the direction he envisioned. Thanks to his motivating personality, he inspired many generations of scientists, mostly young people, who enthusiastically carried on the work they had begun under his guidance.
Bernhard Gross, now a nonagenarian, is still following the developments in electret research with keen interest and is in frequent contact not only with the members of the Institute of Physics in So Carlos but with colleagues from around the world. We express our gratitude to him and wish him health and continued creativity for the years to come.
